Objectives-Increased risk of lung cancer has been associated with employment in the steel industry. This association is thought to be due in part to increased concentrations of polycyclic aromatic hydrocarbons (PAHs) in air found in this work environment. Measurement of PAH metabolites in human urine provides a means of assessing individual internal dose of PAHs. This study examined the relative contribution of occupation and smoking to urinary concentration of 1-hydroxypyrene glucuronide (1-OHPG) among a group ofworkers at a steel plant. Methods-Concentrations of 1-OHPG in urine from 44 workers with jobs associated with increased air concentrations of PAHs and 40 workers with jobs with low or no exposure to PAHs were measured. 20 workers in each group were not current smokers. Urinary 1-OHPG was measured by synchronous fluorescence spectroscopy after immunoaffinity chromatography specific for PAH metabolites. Results-Mean (SEM) urinary 1-OHPG concentration was 2-16 (0 42) pmol/ml urine among the 44 occupationally exposed workers compared with 0-38 (0-05) among the 40 workers with no or low exposure (P < 0-0001). Mean urinary 1-OHPG concentration was 1-82 (0-41) pmol/ml urine among the 44 current smokers compared with 0-75 (0.20) among the 40 non-smokers (P < 0.005).
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Mean 1-OHPG concentrations in nonsmokers were 0*26 (n = 20), 0*70 (n = 15), and 2-84 pmollml urine (n = 5) for strata of exposure to PAHs (no or low, mid, and high) based on job category; the corresponding values in smokers were 0.55 (n = 20), 0-94 (n = 12), and 4-91 pmollml (n = 12), respectively. Multiple linear regression showed significant differences between subjects in different PAH exposure strata and between smokers and non-smokers. Both smoking and occupational exposure to PAHs were associated with increased concentrations of 1-OHPG in urine. Amounts of foods con- analysis by high performance liquid chromatography (HPLC) with fluorescence detection. Application of this method to urine samples from workers at aluminum plants5 and coke ovens6 did not show differences in urinary PAH concentrations between exposed workers and non-exposed controls.
After Keimig et al reported that 1-hydroxypyrene was a major metabolite of the cocarcinogen pyrene in pig urine,7 Jongeneelen et a18-1' conducted a series of studies evaluating the excretion of 1-hydroxypyrene in rodent and human urine. They measured this metabolite in urine of people occupationally exposed to PAHs (coke-oven workers, petroleum coke handlers, creosote impregnating plant workers) or therapeutically exposed (psoriatic patients treated with mineral coal tar and patients with eczematous dermatitis undergoing coal tar treatment).9 16 Excretion of 1-hydroxypyrene occurred fairly rapidly (6-35 h) after exposure to coke oven emissions.9 These studies analysed urine after enzymatic hydrolysis treatment with fJ-glucuronidase or aryl-sulphatase to convert conjugated metabolites to 1-hydroxypyrene. We have recently developed a sensitive and specific method to measure 1-hydroxypyreneglucuronide (1-OHPG), the most abundant water soluble metabolite of pyrene in unhydrolysed urine.'7 To investigate the usefulness of this metabolite as a potential biomarker of occupational exposure to PAHs, we examined the relative contribution of occupation and smoking on urinary concentration of 1-OHPG among a group of steel plant workers in a modem steel production factory. As different job categories within the steel industry are associated with exposure to varying concentrations of combustion product and risk of lung cancer,'8 we examined urinary 1-OHPG concentration in workers with various jobs within the steel plant.
Methods

STUDY POPULATION
Study participants were employees at a modem steel plant located in South Korea. Urine samples were collected in conjunction with an annual physical examination after informed consent was provided to participate in the study. Urine samples (40 ml) were frozen at -70'C, shipped to the United States on dry ice, and stored at -70'C for four months before analysis. The 44 exposed workers had jobs that dealt with the processing of raw materials and steel including coal, coke, iron ore, molten iron, and molten steel. The 40 control subjects worked mainly in office areas that are located about 2 km from the iron and steel making plant. Also included in this control group were non-office support workers in the plant that included construction and transportation workers. Concurrent personal air sampling information was not available; however, personal air measurements were available from one year before the urine collection in a group of workers at the coke plant only.
Job categories were used to assign to the workers relative PAH exposures -that is, no, low, mid, or high PAH exposure based on the scheme published by Bj0rseth and Becher3 (table 1) . There were 20 non-smokers in the combined mid and high exposure groups and 20 non-smokers in the combined no and low exposure groups. A self-administered questionnaire was used to obtain subject information that included smoking habits, job history, major diseases, dietary habits, drug use, and possible use of personal protective equipment. Although personal protective equipment was available in some of the mid and high exposure groups, its use was difficult to confirm by questionnaire.
ASSAY FOR 1-HYDROXYPYRENE GLUCURONIDE The 1-OHPG was measured in urine with a recently developed assay.'7 Urine samples (2 ml) were treated with 0.1N HC1 (90'C, 60 min), neutralised, and loaded onto Sep-pak C18 cartridges (Waters). After washing with 30% methanol, the relatively non-polar metabolites were eluted with 4 ml of 80% methanol and the volume of eluate was reduced to 0 5 ml by evaporation. The concentrated samples were diluted to 4 ml with 15 mM phosphate buffered saline (PBS) and loaded on to immunoaffinity columns prepared with 0-8 ml cyanogen bromide activated sepharose 4B (Sigma) coupled with monoclonal antibody 8E1 1 that recognises several PAH-DNA adducts and metabolites. '9 We have previously shown that 1-OHPG binds to these columns.'7 After washing the columns three times with 4 ml of 15 mM PBS, compounds bound to the monoclonal antibody 8E1 1 were eluted with 2 ml of 40% methanol in three fractions. Eluate fractions were analysed by synchronous fluorescence spectroscopy with a Perkin-Elmer LS50 fluorescence spectrometer. The excitationemission monochromators were driven synchronously with a wavelength difference of 34 nm. Under these conditions 1-OHPG produces a characteristic fluorescence emission maximum at 381 nm (347 nm excitation). '7 Fluorescence intensity was used to quantify 1-OHPG; the limit of detection was 0'03 pmol/ml urine. The coefficient of variation of the assay was 8%-10% during the period of sample analysis. A subset of samples was further purified by HPLC then by synchronous fluorescence spectroscopic analysis of individual fractions to confirm the identity of the fluorophore as already described.'7 DATA ANALYSIS Log transformation of urinary 1-OHPG concentrations normalised the frequency distribution in the exposed and control study groups. Log of 1-OHPG concentration was the outcome variable in all analyses. Summary data are presented as mean (SEM) and median (range). Group differences between exposed and controls, or smokers and non-smokers were tested with Student's t test. Pearson correlation was used to test the relation between urinary 1-OHPG concentration and stratum of PAH exposure or number of cigarettes smoked a day. Analysis of variance was used to test for overall differences in 1-OHPG concentrations among job categories. Duncan's multiple range test was used to compare differences between job categories. Multiple linear regression was used to test for group differences between strata of PAH exposure or between smoker groups, to test for linear trends of each exposure variable, and to evaluate potential interaction and confounding. Two sided statistical tests were used throughout; P values < 0 05 were considered to be significant.
Results
Before analysing the samples, job categories were used to assign exposure to PAHs based on the published scheme of Bj0rseth and Beche3 (table 1) . The high PAH exposure stratum included blast furnace (n = 8) and coke plant (n = 9) workers; the mid PAH exposure stratum included continuous casting workers (n = 5), steel production furnace workers (n = 10), and iron production workers (n = 12) who mainly transported pig iron from the blast furnace to the steel making furnace; and the no or low PAH exposure stratum included office workers (n = 33) and construction or transportation workers (n = 7). Distribution of smoking was similar in the exposed and no or low exposure groups with Based on job category.
-Iron production worker ----Office worker about 50% non-smokers in each group and about 20% one pack a day smokers (table 2).
The age distribution between the exposed and no or low exposure group was different (P = 0-008 by ANOVA). Age was not found to be significantly associated with 1-OHPG in multiple regression analysis (see results).
Synchronous fluorescence spectroscopy analysis of immunoaffinity purified urine samples indicated a fluorescence excitation maximum (347 nm) characteristic of the pyrene moiety in 1-OHPG in 82 of the 84 samples analysed (fig 1 shows an example of detectable and non-detectable samples). The HPLC separation of a subset of 20 urine samples followed by synchronous fluorescence spectroscopic analysis of fluorescent fractions indicated that 98%-100% of the pyrene moiety fluorescence was due to 1-OHPG (data not shown). Non-detectable samples were assigned a value of 0-015 pmollml urine which is half the limit of detection of the assay.
Urinary 1-OHPG concentrations of subjects with jobs associated with exposure to combustion products were compared with the no or low exposure group (fig 2) . The mean (SEM) 1-OHPG concentration in exposed workers (2 16 (0A42) pmollml, n = 44) was significantly greater than that of no or low exposure group (0-38 (0-05) pmollml, n = 40) (P < 0-0001 by t test). Also, the mean (SEM) 1-OHPG concentration in current smokers
(1-82 (0-41) pmollml, n = 44) was significantly greater than that of non-smokers (0 75 (0 20) pmol/ml, n = 40, P < 0 005 by t test). We also compared urinary 1-OHPG concentrations of workers in each of the seven different job categories within the plant (fig 3) . All but two workers in the blast furnace or coke plant categories had 1-OHPG concentrations higher than 2 pmol/ml, whereas all office (fig 4) . Cast = casting (n = 5) a Mean 1-OHPG concentrations in smokers St = steel production (n = 10)
were greater than for non-smokers in the same _ Iron = iron production (n = 12) PAH exposure stratum ( .en job categories (P < 0-000 1, by 55% of the variation of 1-OHPG concentra-VA). Mean 1-OHPG concentrations in tion was explained by the variables smoking blast furnace or coke oven workers were and occupational exposure to PAHs. Similar r than mean concentrations in each of results were obtained after adjustment for age other five job categories (P < 0-05 by or urinary creatinine. Duncan's multiple range). Similarly, mean 1-OHPG concentration in the 33 office workers was lower than in each of the other six job categories, including the seven construction or transportation workers (P < 0-05 by Duncan's multiple range test).
To examine the dose-response relation between 1-OHPG and PAH exposure, we tested the correlation between strata of PAH exposure and 1-OHPG. A highly significant correlation between exposure strata (no or low, mid, or high) and 1-OHPG was found (Pearson r = 0-65, P < 0-0001). The combined effect of smoking and occupation on 1-OHPG concentrations was examined by No low PAH Mid PAH High PAH *PAH exposure2 = high v no or low PAH exposure strata.
.
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The dose-response relation of cigarette smoking with concentration of 1-OHPG was examined by testing the association between number of cigarettes smoked a day and 1-OHPG concentrations. Overall, there was a significant association between 1-OHPG concentration and number of cigarettes smoked (Pearson's r = 028, P < 0-01, n = 82; two missing, data not shown). When examined by PAH exposure strata, there was a significant association between concentration of 1-OHPG and number of cigarettes smoked in the no or low PAH exposure stratum (Pearson's r = 0-44, P < 0 004, n = 40) but not the combined mid and high PAH exposure stratum (Pearson's r = 0-26, P = 009, n = 42). To evaluate the sensitivity of the assay to detect moderate concentrations of smoking, we compared 1-OHPG in nonsmokers and those who smoked < 20 cigarettes a day (mean cigarettes a day = 15; range = [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] in the no PAH exposure stratum (office workers only). A significant difference in 1-OHPG concentrations was found between the 17 non-smokers (0-20 (0-04) pmol/ml) and the 15 moderate smokers (0.41 (0 05) pmol/ml, P = 0 003, by t test).
The association between 1-OHPG concentrations and dietary PAH exposure was assessed with data on consumption of foods containing high concentrations of PAHs from the dietary questionnaire. Among this population of workers, relatively small quantities of foods known to contain high PAH concentrations were consumed. Fifteen of 84 study subjects had consumed small amounts of grilled or broiled meat within the two weeks before sample collection; however, only five of these subjects had consumed it within 48 hours of collection. Thus we could only compare 1-OHPG concentrations between those workers with low dietary PAH exposure (n = 15) and those with no dietary PAH exposure (n = 69).
No significant difference was found between these groups; therefore, diet did not seem to significantly contribute to urinary 1-OHPG in this population.
Discussion
We examined 1-OHPG concentration in urine from 44 workers with jobs in areas of increased PAH concentrations in air and 40 workers with jobs at the same site with low or no exposure to PAHs. Mean 1-OHPG concentration in exposed workers was significantly increased compared with unexposed controls. We also compared urinary 1-OHPG concentrations of workers in each of the seven different job categories within the plant.
There was a significant difference in log transformed 1-OHPG concentrations between job categories. Mean 1-OHPG concentrations in the blast furnace and coke oven workers were significantly increased compared with workers in other job categories.
Assignment of exposure strata for PAHs based on job category was used to investigate the association of urinary 1-OHPG with PAH exposure. A clear dose-response relation was found between mean 1-OHPG concentrations and no or low, mid, and high PAH exposure strata in both the current smokers and the non-smokers. The correlation between PAH exposure strata and 1-OHPG was highly significant (Pearson r = 0-65, P < 0-0001). Also, 1-OHPG concentration was correlated with quantity of cigarettes smoked among all workers or among no or low exposed workers. Thus, both smoking and occupational exposure to PAHs was associated with increased concentrations of 1-OHPG in urine from steel plant workers. This was verified by regression analysis. We have chosen not to adjust our 1-OHPG values for urinary creatinine as this had little effect on the analyses or our conclusions. Also, deletion of samples with creatinine values < 4 0 jimol/ml urine as suggested,9 left associations with occupational exposures unchanged and only slightly strengthened most associations with smoking. In previous studies of urinary 1-OHPG after dietary PAH exposure24 or smoking (unpublished), we have found no improvement of associations between 1-OHPG and PAH exposure after adjustment for creatinine.
Although concurrent PAH exposure data were not available, job category was used to construct relative exposure strata. Measurements of benzene soluble fractions in personal air samples were available from one year before urine collection in the coke oven workers only. Mean concentrations of benzene soluble fractions were 0-24-0A49 mg/M3 for three high exposure job titles in the coke oven battery. This range is below the published mean value of 2-08 mg/M3 from personal samples that represents 11 job titles at 10 coke plants measured 25-30 years ago.20 A more recent study reported mean values of 0 3 and 0 5 mg/M3 (individual range: < 0-1-5-7) among 16 highly exposed workers at two coke ovens.9 21 The corresponding mean benzo(a)pyrene concentrations measured in those samples were 0 7 and 1 2 (individual range: 0 1-6-5) ,Ig/m3.
Assessment of urinary 1-hydroxypyrene has been applied in populations exposed to PAHs from different sources (occupation, therapy, and food). 23 The similarly low urinary 1-OHPG concentrations among non-smoking controls in our study might be due to low dietary consumption of PAHs. Amounts of foods ingested by this group of workers that contained PAHs were relatively low and did not contribute significantly to urinary 1-OHPG concentrations. Infrequent consumption of foods with a high PAH content, such as smoked or broiled foods, is characteristic of the Korean diet. Dietary information collected by questionnaire indicated that relatively little broiled, smoked, or grilled meat was consumed by the subjects in the present study. Furthermore, the mean urinary 1-OHPG concentration among non-smoking office workers in this study was comparable to the mean concentration in urine samples from workers on a controlled diet that contained very low concentrations of PAHs. Mean 1-OHPG concentration in our group of smokers with high exposure to PAHs was similar to that found previously in bench side coke oven workers,25 in smokers exposed to diesel exhaust,'2 in road pavers,'2 and in foundry workers. 26 The results in this study are, however, generally lower than the values reported in studies with moderate to high PAH exposure: in highly exposed coke oven workers,25 in aluminum reduction plant workers,27 28 and in coal tar distillation plant workers.'0 These differences may be due to a variety of factors including (a) differences in exposure concentrations between steel plants, (b) metabolic differences between the subjects studied, (c) differences in assay conditions and accuracy, or (d) bias associated with creatinine normalisation. Relative differences in 1-OHPG concentrations between controls and coke oven workers are comparable with those found in other studies. The 1 1-fold difference in urinary 1-OHPG concentrations found between office workers and coke plant workers is consistent with the results of Jongeneelen et a79 who showed a 10-fold difference between non-smoking controls and coke oven workers, and a sixfold difference between controls and coke oven workers who smoked.
In this study, smokers had consistently higher urinary 1-OHPG concentrations than non-smokers. 29 Fourthly, these and other urinary PAH metabolites may prove to be useful in assessing human PAH exposure from multiple sources when different kinetics for inhaled or ingested PAHs must be considered in exposure assessment or when estimation of external exposure concentrations is difficult. The biological implications of increased urinary 1-ONPG concentrations should be explored in the future in prospective cohort studies that have banked urine samples.
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